Abstract Rechargeable lithium-ion batteries are the most popular devices for energy storage but still a lot of research needs to be done to improve their cycling and storage capacity. Silicon has been proposed as an anode material because of its large theoretical capacity of ∼3600 mAh/g. Therefore, focus is needed on the lithiation process of silicon anodes where it is known that the anode increases its volume more than 300%, producing cracking and other damages. We performed molecular dynamics atomistic simulations to study the swelling, alloying, and amorphization of a silicon nanocrystal anode in a full nanobattery model during the first charging cycle. A dissolved salt of lithium hexafluorophosphate in ethylene carbonate was chosen as the electrolyte solution and lithium cobalt oxide as cathode. External electric fields are applied to emulate the charging, causing the migration of the Li-ions from the cathode to the anode, by drifting through the electrolyte solution, thus converting pristine Si gradually into Li 14 Si 5 when fully lithiated. When the electric field is applied to the nanobattery, the temperature never exceeds 360 K due to a temperature control imposed resembling a cooling mechanism. The volume of the anode increases with the amorphization of the silicon as the external field is applied by creating a layer of LiSi alloy between the electrolyte and the silicon nanocrystal and then, at the arrival of more Li-ions changing to an alloy, where the drift velocity of Li-ions is greater than the velocity in the initial nanocrystal structure. Charge neutrality is maintained by concerted complementary reduction-oxidation reactions at the anode and cathode, respectively. In addition, the nanobattery model developed here can be used to study charge mobility, current density, conductance and resistivity, among several other properties of several candidate materials for rechargeable batteries and constitutes the initial point for further studies on the formation of the solid electrolyte interphase in the anode.
Introduction
The rechargeable battery is a cycling device. At each cycle, the battery receives electrical energy and converts it into chemical energy, which is stored for a while and then delivers it again as electrical energy when needed. This cycle repeats until one or a few of its components degrade, being unable to continue the cycling at acceptable performances. Concerted oxidation of Li and reduction of Li + reactions take place at the cathode and anode, respectively, during charge and at the anode and cathode, respectively, during discharge take care of the conversion of electrical to chemical and chemical to electrical during charge and discharge, respectively. These reactions occur only when the battery is externally connected during the charge to a power source or during the discharge to a load. Since 1920, the rechargeable battery has been used to supply the required energy to operate the entire electrical system of cars. Also, since 1991, the rechargeable battery has been used as the main power source for portable electronic devices such as: mobile-phones, laptops, cameras and tablets. Since its invention in 1859 [1] , the rechargeable battery has continuously improved its capacity, durability, and efficiency. During the mid-1960s, Li-metal was thought as an excellent candidate for anodes due to its high specific energy per weight and to its theoretical specific capacity of 3860 mAh/g in comparison with other materials such as zinc with a theoretical capacity of 820 mAh/g.
Further attempts for rechargeable Li-metal batteries [2] in 1980 failed [3] due to the lithium metal inherent instability [4] such as the formation of dendrites, which eventually short-circuit the battery [4, 5] ; research shifted to non-metallic lithium-ion batteries [2] with graphite anodes [3] . In 1979 Goodenough [6] demonstrated a rechargeable cell using Li-Co oxide cathodes [7] , which are presently still the most used ones. In 1991, Sony Corporation commercialized the first lithium-ion battery [8] after a recall of rechargeable lithium-metal batteries made the same year due to thermal runaway [9] , melting of Li-metal [3] ; nevertheless, research is still in progress.
For present applications, lithium-ion batteries feature high energy and power densities, long life, and environmental friendliness [10] . The energy density of a lithium-ion battery (from 250 to 620 Wh/L) is higher than the range of a standard nickel-cadmium battery (from 50 to 150 Wh/L). A single cell of a lithium-ion battery yields 3.6 volts in comparison with the 1.2 volts for the NiCd battery. A typical lithium-ion battery consists of a graphite anode (negative electrode), a LiCo oxide cathode (positive electrode), an electrolyte solution of ethylene carbonate (EC) [11, 12] containing the Li + ions and the negative counter-ions (usually PF 6 − ), and two metallic current collectors, among a few other technical details (Fig. 1 ).
To charge a battery, an external power source is applied, which transports charge from cathode to anode: electrons through the external circuit and lithium-ions through the internal electrolyte solution. This transport of electrons and ions ends when the power source is disconnected or when the cathode is depleted of lithium. It also should be finished when the anode is fully populated with lithium, otherwise plating of Li in the anode forming dendrites may take place, risking a short circuit when the dendrites approach the cathode (vide infra). In normal conditions, the cathode oxidizes Li and forces Li-ions to rise up to the anode where they are reduced with the electrons coming from the external circuit.
During discharge (a spontaneous process), the cathode, which is at lower potential energy than the anode, collects lithium-ions from the internal path and neutralizes them with the electrons arriving from the external circuit when a load is connected to the battery. Some of the most suitable materials for cathodes are LiMnO 2 , LiCoO 2 , and LiFePO 4 . In these materials, lithium is deposited between layers practically without changing the lattice structure of the material. The most common material used as anode is graphite [13] , which in its fully lithiated phase at room temperature is LiC 6 [14] . The theoretical specific capacity of graphite is 372 mAh/g [15] , calculated using q = nF/3.6M where n is the number of free electrons per charge carrier ion, F is Faradays's constant = 96,500 C mol -1 , and M the molecular weight of the lithiated material. However, silicon, which have been proposed as a potential replacement for graphite, [16] [17] [18] has a theoretical capacity of 3580 mAh/g, i.e., more than nine times at room temperature with a fully lithiated phase of Li 15 Si 4 [19] , and increasing to 4212 mAh/g for Li 22 Si 5 at ∼700 K [20, 21] . On the other hand, LiCoO 2 cathode has a theoretical capacity of 140 mAh/g [22] , implying the need of larger cathodes.
It was found that initially, a silicon anode has a crystalline structure, which changes to a Li x Si alloy with x as high as 3.75 [23] once the lithium-ions enter into the silicon crystal. This large lithiation of 15:4 compared to 1:6 in graphite, causes the amorphization of Si. The volume of the Si anode increases to 281% [21] [22] [23] [24] , upon insertion of lithium, which results in pulverization and capacity fading [25, 26] . The experimental diffusivity of Li in Si varies in a range between 10 −14 and 10 [27, 28] . On the other hand, crystalline silicon does not have good lithiation and delithiation abilities [20] ; the diffusion rate of lithium is around 50 times less in crystalline than in amorphous silicon [20] . Thus, during the first lithiation, Liions move to the crystalline silicon following a two-phase lithiation mechanism [29] [30] [31] , the Li x Si alloy formation takes place at the interphase between the electrolyte and the anode, and the core of the Si particle remains pristine silicon; as the insertion of Li-ions continues, the Li x Si alloy will eventually cover the entire anode.
In this work, we focus on the first charging events of a pristine silicon anode using molecular dynamics simulations to perform a set of prediction and postdiction calculations in order to set a testbed for the design of new materials for batteries [32] [33] [34] [35] [36] [37] [38] . The cathode and the electrolyte solution are also included in the simulations. The importance of analyzing the first charge of a battery is of the most importance because it will allow us in further calculations to predict in a better way how the solid-electrolyte interface is created. Therefore, this manuscript reports the simulation Fig. 1 Schematic of a battery during charge: formally, in the anode Li + + e -→ Li takes place while Li → Li + + e -takes place in the cathode of the charge of a new battery the way how a new battery is usually charged in real life, i.e., by suddenly applying the full voltage, i.e., using a step function. This is totally different to the time dependent sequences of a cyclic voltammogram experiment. In these experiments, a ramp of voltage is applied to the electrodes, in several of them, the formation of the SEI can be observed due to the long times needed to complete a cycle at rates of ∼1 mV/s (see for instance Candace et al. [39] ). This implies that in these experiments the voltage needed for the SEI can be obtained much in advance of the time needed for lithium insertion in the anode. Evidently, in such an experiment, the SEI will be formed before lithium insertion, simply because the voltage needed for the Li-ion insertion will be applied after a few seconds or even minutes before the voltage needed for the SEI formation is applied. In our simulations, we apply suddenly the max voltage so both events, the SEI formation and the insertion of Li-ions into the Si, may happen. Thus, our simulation provides the preliminary phase or complex structure that might lead us later to investigate the early formation of the SEI, which is a consequence of the first insertion of Li-ions into the pristine silicon creating first a thin layer of lithiated silicon as reported by Wu et al. [40] using silicon nanotubes.
In the next section, we provide details of the molecular dynamics simulations performed to investigate the behavior of the nanobattery when an electric field emulating the charging of the battery is applied. The following section reports our results and the last one list a set of conclusions.
Methods
All MD simulations of the battery are performed with the LAMMPS program [41] . The electrolyte solution is composed of ethylene carbonate (EC) solvent [11, 12] in which the electrolyte salt, PF 6 Li, is dissolved into hexafluorophosphate (PF 6 − ) and Li + ions. Li + is universally accepted as the carrier of charge for single-ion transport and PF 6 − is a suitable counterion, which due to its large spatial extent compared to Li + , will be practically immovable; on the other hand, and fortunately, such a counterion is the main contributor to the formation of the solid electrolyte interphase, which is able to protect the anode from being chemically reactive with the electrolyte. To keep these battery constituents inside a two-dimensional slab, we covered the nanobattery by hypothetical materials whose only function is to avoid atoms from the electrodes or electrolyte solution to leak out of the nanobattery. Thus, the external sides of the electrodes are covered by hypothetical Bmetal sheets,^with a large binding energy among them. Eventually, these sheets, with the correct parameters, will resemble the current collectors in future studies. Similarly, to cover the other open sides of the battery, hypothetical insulator sheets were used. In addition, an empty space has been left intentionally in order to observe how silicon expands when lithiated (Fig. 2) .
Nonbonded interactions in the solvent (Fig. 3) between pair of atoms i and j from EC, PF 6 − , and Li + , are defined with a Lennard-Jones (LJ) potential in conjunction with a Coulombic (electrostatic) potential,
where r ij is the distance between any intermolecular pair of atoms i and j, ε and σ are the well-depth and zero-energy length, respectively, of the LJ potential. Parameters for the nonbonded interactions are listed in Table 1 ; for interactions between distinct atoms, a geometric mean approximation is used for ε and an arithmetic mean approximation for σ. These parameters model the behavior of the electrolyte solution in good agreement with the experimental values, as shown by Kumar et al. [33] . The initial atomic coordinates of the electrolyte solution containing EC, PF 6 − , and Li + ions were created using the Packing Optimization for Molecular Dynamics Simulations (Packmol) program [42] . The box size of the solvent is 60.08 × 22.04 × 26.60 Å 3 , which corresponds with the density of pure EC 1.32 g/cm 3 . Once the salt is added the density changes to 1.46 g/cm 3 . The solvent has a 1 M concentration of LiPF 6 salt in EC.
A second nearest-neighbor (2NN) embedded MEAM [44, 45] force field is employed for the silicon anode structure and its interaction with Li + ions (Table 2) is given by, E r i j À Á
with F i ρ i ð Þ as the embedding function for atom i embedded in a background electron density ρ i ð Þ; ψ i j r i j is the pair potential between atoms i and j separated by a distance r ij , and S ij is the screening factor. In order to evaluate F i ρ i ð Þ and ψ ij a reference structure is considered. This reference structure should follow some characteristics such as: one type of atom must have only the same type of atoms as first nearest-neighbors and only the same type of atoms as second nearest-neighbor. For the Li-Si potential the chosen reference structure is Li 3 Si-type L1 2 [45] . Using this reference structure the pair interaction potential can be evaluated.
The embedding function
where A is an adjustable parameter, E c is the sublimation energy or cohesive energy, and ρ i 0 is the background electron density for a reference structure.
To calculate the total energy per atom of the reference structure the zero-temperature universal equation of state of Rose et al. [46] 
4 S j ψ j j aR ð Þ where Z 1 and Z 2 are the numbers of first and second nearest neighbors, S i and S j are the screening function for the second nearest-neighbor interactions between i and j atoms, a is the ratio between the second and first nearest-neighbor distance in the reference structure and R is the distance between a pair of atoms. Replacing the values corresponding to the reference structure the pair potential interaction is given by,
ð Þ. The energy per atom for the reference structure is obtained from the universal equation of state [47] ,
* , w h e r e a * ¼ α
; r e is the equilibrium NN distance, d is an adjustable parameter used to fit the MEAM potential for a LiSi alloy, B is the bulk modulus, and Ω is the equilibrium atomic volume. ψ LiSi (R) is the universal function for a uniform expansion or contraction of the reference structure as a function of nearest neighbor distance R. The pair potential interaction between atoms of the same type (ψ LiLi and ψ SiSi ) can be computed from the calculations made of the individual elements. Finally, the many body screening function S ij between atoms i and j is defined as the product of the screening factor, S ikj , due to all other atoms between i, j, and k.
, and f c is the cutoff function. The screening parameters C max and C min are also crucial in determining the interaction range of the alloys [48] . The parameters (Table 2) have been calculated by Cui et al. [45] and they simulate the properties of both, crystalline and amorphous, Li x Si alloys. Figure 4 shows the total interaction using the equations previously discussed for the cases: Li-Li and Si-Li pairs of atom.
Optimized geometries and Mulliken [50] [51] [52] [53] atomic populations (Table 3) for the moieties in the electrolyte solution, EC and PF 6 − , were calculated using the B3PW91/6-31G(d) level of theory as coded in the Gaussian 09 program [54] . The justification for Mulliken populations to represent the charge parameters in the force field is because the effect of the whole set of charges and not the individual ones is what Ref. [33] Ref. [43] really matters as was clearly demonstrated for EC [33] . The typical critic made to Mulliken populations is that they do not approach toward a unique value when the basis set used to calculate them is increased in size. Such a tendency should be a requirement only if the atomic populations were real physical expectation values calculated for the atoms constituents of a molecule. However, the success to represent the electrostatic behavior of a molecule actually does not depend on the type of population being used but on how these set of point charges is able to represent the effect of a distributed molecular charge ρ (r). Reference [33] shows explicitly how equally Mulliken and NBO charges do this. NBO charges have excellent convergence to specific values as the size of the basis set is increased; however, such a good convergence does not assure a better reproduction of the electrostatic potential than the one produced by a set of charges from a method without such a good tendency. The problem of finding population charges reduces to choosing a finite set of point charges that produces a similar potential external to the molecule as the effect that the function ρ (r) produces on the potential. It is explicitly shown that good reproduction of the potential can be obtained with any set of evaluated charges regardless of their approach toward a unique charge when enlarging the basis set. In summary, a good convergence of the values of the charge population, an unphysical concept by the way, is not a requirement for the quality of the force field. Periodic boundary conditions (PBC) are used in all threedirections and a value of 12 Å is used for Lennard-Jones and Coulombic potentials cut-offs. We begin the calculations with an energy minimization of the whole structure, followed by an equilibration at 5 K with a time step of 0.2 f. during 1 ns, then a ramp of temperature ranging from 5 to 300 K is applied using the canonical ensemble (NVT) [55, 56] with a time step of 0.2 f. for 4 ns. The nanobattery was then equilibrated at 300 K for 10 ns under the NVT ensemble.
To emulate the charging of the battery, an electric field is applied while MD simulations are performed with a time-steps of 0.2 fs. Because of the action of the electric field, the lithium ions migrate from cathode to anode. This stage depends on the number of Li-ions inserted in the silicon anode. The simulation of the charging process is terminated once 4480 Li-ions enter the silicon anode forming the Li 15 Si 4 alloy.
The force applied to Li + by the electric field has to be greater than the critical force of lithium in silicon, 4.13 eV/Å along the [100] direction according to Wang et al. [44] . With this force, Li-ions can diffuse in silicon continuously; otherwise, they get trapped inside silicon cages. The voltage needed to recharge commercial lithium-ion batteries is ∼4 V. The nanobattery has a length of 60 Å, thus, to obtain the 4 V required for the diffusion of Li-ions, the electric field should be ∼0.066 V/Å, but with this value the charging process will take several months or even years; since this is impractical to model using MD, the electric field has to be much greater than 0.066 V/Å to increase the diffusion thus reducing the charging time to ps or ns. As long as Li-ions do not strongly interact with each other during the simulation, the excessive diffusion does not seem to be an issue as it takes place at well separated distances from each other. The value of the critical force for the lithium diffusion in the other two directions in silicon, [110] and [111] are 3.02 and 3.44 eV/Å, respectively [44] .
In our MD simulations, the external field is in the order of E ! ¼ 1 V=å and follows a [100] orientation. The force due to the electric field is F ! ¼ q E ! ¼ 1 eV=å as the charge of the Liion is +1e. With this value of force, Li-ions do not diffuse continuously; instead, they get trapped at the interphase of the Si nanocrystal with the electrolyte solvent, breaking the Si-Si bonds. Therefore, while more Li-ions go into the Si nanocrystal, layers of Li x Si alloys are created, allowing the insertion of additional Li-ions. To keep the system neutral with a net charge of zero at all times, every time a Li-ion is reduced (Li + + e -→ Li) in the ). This concerted behavior was programmed in the LAMMPS input script for the simulations under electric fields, keeping the whole nanobattery charge neutral.
The reduction in the anode occurs at first in the white region (Fig. 5 ) and lasts until a maximum of 600 Li atoms are stored. Then, the reduction continues in the yellow region and then the reduction returns to the white region and continue alternating between the two regions for a total run time of 1 ns.
Finally, to calculate the Si-Li alloy volume, a convex hull algorithm is used [57] : given the set of 3D coordinates of the Li and Si atoms, the smallest convex polyhedron containing all these points is the convex hull, which is divided in tetrahedrons so the total volume will be the sum of all the tetrahedrons inside the convex hull. If the polyhedron is non-convex, it can be divided in convex polyhedrons to calculate the volume, knowing that a non-convex set is equivalent to the union of a number of convex sets. -51 ≈ 0; therefore, the occurrences of vacancies is zero and the diffusion of Li ions should be through the interstitials for which the activation barrier is ∼0.5 eV [58] . Kim et al. [59] demonstrated that vacancies in Si can improve the diffusion of the lithium, in that case the vacancies were created since the beginning of the simulation.
Results and discussion
In a commercial Li-ion rechargeable battery the charge current is ∼2.6 A, the temperature may go between 273 and 320 K and we expect the internal temperature to be much higher; the alloy Li 15 Si 4 exists at room temperature. In our simulations the temperature never exceeds 360 K, far from silicon melting (1687 K).
Our simulation procedure goes like this: First, the nanobattery is equilibrated at 5 K for 1 ns, then it is progressively heated reaching a temperature of 300 K in 4 ns, and finally it is equilibrated at 300 K for 10 ns (Fig. 6 ). Once the equilibration at 300 K finishes, an electric field of 1 V/Å is applied along the horizontal axis of the battery, emulating the charging, and causing the migration of the Li-ions to the silicon nanocrystal anode and increasing the temperature; however, if the temperature exceeds 360 K, the NVT process will rescale the velocities to decrease the temperature (Fig. 6) , simulating a heat dissipater that keeps the nanobattery at ∼360 K during the charging process.
Due to the electric field, the force on the x-axis of each Liion increases by 1 eV/Å, this force allows the migration of the Li-ions from the cathode to the anode. Once a Li-ion reaches the frontier between the electrolyte and the silicon nanocrystal, it has an x-axis force ∼0.8 eV/Å. This force does not allow the continuous diffusion of the Li in the silicon nanocrystal, because is lower than the critical force, 4.13 eV/Å [44] , instead the Li-ion gets trapped in a silicon cage at the frontier of the silicon nanocrystal, increasing the nearest-neighbor (NN) distance between Si-Si pairs. Figure 7a shows the formation of the LiSi alloy barrier at 17 ps with 122 Li inside the silicon anode. To analyze the NN distance between Si-Si pairs, we compared the same region at 0 ps when the structure was crystallographic (Fig. 7b) with the LiSi alloy layer taken apart from the anode (Fig. 7c) . The radial distribution function comparing both structures, at 0 ps and at 17 ps, shows the alloyzation of the silicon anode. The partial region of the silicon nanocrystal at 0 ps containing 322 Si atoms and a volume of 6450 Å 3 has a peak at 2.35 Å with a value of 300 for the g (R ij ) (Fig. 7d) . This distance . The value of 100, the highest for the g (R ij ) is lower than the one obtained at 0 ps, indicating that several of the initial Si-Si bonds were broken due to the insertion of the Li, producing a volume increase of 0.14%.
The diffusion coefficient (D) at a given temperature is determined using the Einstein relation D ¼ lim t→∞ MSD q i t where q i is a numerical constant that varies depending on the dimensionality; q i = 1 describes one dimension, q i = 4 two dimensions, and q i = 6 three dimensions. Since the lithiation of the silicon anode describes a two phase mechanism, the Liions diffuses into two different materials, the LiSi alloy region and the crystallographic Si. To study how diffusion changes as lithiation increases, the diffusion of the lithiated part of the anode at 96 ps (Fig. 8b) was compared with the diffusion in an equivalent region of the crystallographic Si (at 0 ps). For each structure we ran MD simulations with the same characteristics of the nanobattery, at 360 K, applying an electric field (b) (a) Fig. 8 Comparing MSD of the Li-ion in the lithiated region at 96 ps with the equivalent region of the Si crystaline region at 0 ps of 1 V/Å for 20 ps and adding 10 Li-ions in order to obtain the MSD on those conditions. Figure 8a shows the MSD curve for the two structures showing that the Li-ions have a greater diffusion coefficient in the LiSi alloy than in the crystallographic Si.
While more Li-ions arrive at the silicon nanocrystal the SiSi bonds are broken creating a LiSi alloy at the frontier and increasing the volume of the anode. The generated LiSi alloy allows the diffusion of the upcoming Li-ions, so the new Liions can pass through this LiSi alloy wall and get trapped once they reach the silicon crystal structure repeating the process, while more Li-ions arrive at the anode the LiSi alloy wall increases. This behavior agreed with the experimental results [30, 61] , which explain that the lithiation of the silicon occurs in a two-phase mechanism going from the frontier to the core of the silicon crystal.
During the charging process and depending on the number of Li-ions arriving at the anode, the initial silicon crystal structure changes into a Li x Si alloy structure passing through Fig. 9 Snapshots of the silicon anode after a constant electric field of 1 V/Å is applied. a 0 ps b 16.6 ps c 40.6 ps d 62 ps e 84 ps f 164 ps g 226 ps h 296 ps i 336 ps j 374 ps k 458 ps l 524 ps. A time step of 0.2 fs was used for the dynamics. During the whole simulation the number of Li-ions in the electrolyte is 21; a Li-ion migrates from the cathode to the anode changing its charge from 0 to +1 in the LiCoO 2 ; and from +1 to 0 in the silicon nanocrystal anode. Li-ion (pink), neutral Li (yellow) several phases such as Li 12 Si 7, Li 2 Si 1 , and Li 22 Si 5 . Most of them occur when the lithiation of the silicon is at high temperature, e.g., 688 K.
As more Li-ions arrive at the anode, the LiSi layer tends to cover the entire anode as shown in the sequential images in Fig. 9 . At the beginning of the simulation the silicon crystal had a volume of 23,749 Å 3 and with the insertion of Li, the formation of a LiSi alloy layer takes place, and the structure increases its volume as Li-ions insert into the crystal. Figure 10a shows the ratio of the current volume with the initial volume, V/Vo, of the anode versus the number of Liions arriving at the anode, creating the Li X Si amorphous alloy.
At 524 ps the anode has covered all the initial empty spaces, reaching a volume 2.6 times the initial one. The volume once the anode converts to a Li 3.5 Si alloy follows, V/V o = 0.65X + 0.89, where X is the number of Li in the Li X Si alloy. This yields a volume 316% larger when the full anode reaches the Li 3.5 Si structure.
We also compare (Fig. 10a) our results with an experiment done by Jerliu et al. [60] . The experimental volume increases faster than in our simulation due to the different initial anode structure and the geometry of the battery; they used amorphous silicon as an initial structure rather than a crystallographic one. The other difference between our simulation Fig. 9 (continued) and the experiment is the geometry of the anode. In the experiment, the silicon (Fig. 10b) can only expand along one axis and in our simulation the silicon anode can expand along two axes.
The nearest-neighbor distance of the silicon nanocrystal anode at 0 ps is 2.375 Å which corresponds to the Si-Si bond. During approximately the first 90 ps, the Si-Si remains around 2.360 Å (Tables 4 and 5 ) because the volume of the LiSi alloy layer is less than the volume of the silicon crystal part on the anode. From 164 to 524 ps, the NN Si-Si distance is around 2.8 Å because the initial LiSi alloy layer has covered most of the volume of the whole anode.
Comparing the pair radial distribution functions Si-Si, LiLi, and Si-Li in the anode taken from the beginning of the charging process at 0 ps to the final structure at 524 ps, when 3440 Li-ions were inserted, we can observe how the initial nanocrystal structure transforms into an amorphous alloy.
For the case of the Si-Si (Fig. 11a ) the NN distance increases from 2.375 Å to 2.815 Å, also the RDF at 0 ps represents a crystal structure showing clear peaks at 2.375 Å and 3.905 Å, in contrast with the RDF at 524 ps which represents a disordered structure.
For the Li-Li pair (Fig. 11b) , the NN distance presents a slight tendency to decrease its value from 3.335 Å to 2.845 Å.
For the Si-Li pair (Fig. 11c ) the NN distance remains almost at the same value around 1.7 Å. Looking at Fig. 9 , it can be distinguished that the anode structure is not a uniform LiSi alloy, in fact there are some regions that have the initial silicon crystal structure, thus it would more convenient if we analyze each region taken separately rather than the whole anode structure.
We took four structures corresponding at 84 ps, 226 ps, 336 ps, and 524 ps ( Fig. 12 and Table 5 ) to analyze the different structures that are formed due to the concentration of lithiums. The concentration of Li in LiSi alloy is not uniform. Region 3 in Fig. 12c has more Li concentration because its central position and the Si-Si NN distances increase up to 3.68 Å, which after saturatio n with Li eventually tri ggers the formation of Li-metal dendrites in region 5 (Fig. 12d) . After 524 ps, 3444 Li-ions arrived at the anode (Fig. 13 ) at a constant rate and at temperature always around 360 K. Since each Li-ion has a charge of 1e, the current in amperes is given by; 6.57 × 10 12 e/s = 10.53 × 10 -7 A. The current density can be calculated knowing the cross section for the Li-ions, 5.86 nm 2 , yielding 1.79 × 10 -7 A/nm 2 . The time scale in our calculation certainly cannot be compared with an experimental one as we would need to increase tremendously the number of interactions in the nanobattery in order to reach reasonable results. If we followed real times, we would need to simulate for more than one microsecond just to have one Li-ion arriving at the anode and for several milliseconds if we want to study the swelling of silicon. Presently, productive simulations are performed for a total of only a few nanoseconds. Since we focus on the swelling of the anode, we speed up the charging process by sending ions at excessive rates of a few Li-ions per picosecond. As long as these Li-ions interactions are well separated spatially among each other, the effect of one will not be strongly affected by the presence of the others. This was kept in mind when designing the nanobattery box which is much longer in the longitudinal direction, in which the electrical field is applied (163 Å), than in the lateral directions (58 and 28 Å). Therefore, if the ions do not interact among themselves, their rate would not affect the physics of the charging process. This justifies that the simulations can be done at much higher rates than those that are experimentally reasonable.
In order to obtain an extremely high rate of ions traveling to the anode, we need to apply very large electric fields, which yield dielectric breakdown when performing experiments and also when performing precise quantum calculations. However, when performing classical calculations, the energy provided by the field will be equally distributed along the direction of the field so it will allow several diffusion reactions to take place simultaneously rather than one localized that will break the bonds. The use of classical calculations is what allows us to increase the number of Li-ions traveling along the direction of the applied field; thus, we can expect to have a much quicker charge of the battery than the real conditions with little or no effect on the materials as long as we do not saturate the electrolyte solution, which is practically the place where Li-ions respond to the external field, the geometry of the anode is only affected by the number of Li-ions able to be stored in the anode and not by the rate of arrival of the ions. We demonstrate this point by charging the battery at a different rate and comparing the growth of the Si anode when 20, 30, 40, 50, 100, 200, and 300 Li-ions have arrived at the anode (Fig. 14) .
Conclusions
Molecular dynamics was performed to analyze a model of a whole nanobattery used to investigate the behavior of the silicon as a possible anode material. The pristine silicon anode during the charging process changes gradually into a LiSi alloy. During the amorphization of the anode in the charging process, a LiSi alloy layer is formed at the anode-electrolyte interphase showing that the lithiation of the silicon anode follows a two phase mechanism, the LiSi alloy and the silicon crystal. While more Li-ions arrive at the anode the LiSi layer covers all the anode increasing the volume of the whole anode. As a consequence of the amorphization of the anode, the radial distribution function of the Si-Si nearest neighbor distance increases during the charging because of the insertion of the Li-ions, breaking the initial Si-Si bonds forming the LiSi alloy and stretching the remaining Si-Si bonds.
Our simulations never exceeded 360 K during the charging process. Controlling the temperature is needed to avoind overheating or even reaching the melting of silicon. Comparing the drift velocity of the Li-ions in both phases, the LiSi alloy layer and the silicon nanocrystal, we observed that the Li-ion has a greater drift velocity in the alloy layer than in the crystal phase. In terms of volume expansion of the silicon anode, our results differ from the experiment by Jerliu et al. [60] mainly because of two different initial silicon anode geometries. How the silicon expands, depends on the initial geometry of the anode and the final geometry obtained during the first charge depends on how the Li-ions are inserted to the anode. For our simulation, we reached a final geometry that was not fully amorphized keeping some Si crystal domains because the flux of Li-ions was concentrated at a small region on the surface of the anode; while more Li-ions arrive, the amorphization took place at the center of the anode, keeping other domains with a variety of alloy concentrations and even some parts with the initial crystallographic structure.
This nanobattery model proved to be good to emulate and understand the mechanical behavior during the first charging process of a silicon anode. In this work we focused on the study of the anode during the first charging process using the cathode only as a source of Li-ions. Eventually, this nanobattery model will be used to study the discharging process as well as its cycling behavior of the materials involved. This is why no SEI is included in this work. Whatever takes Fig. 13 Number of Li-ion arriving at the anode (red) and temperature (black) vs time during the first charging process place in this first charge will be a key point for future studies of the SEI. It is our opinion that any research of this magnitude should always start with the first charge. Also, the Si anode is surrounded by an unphysical vacuum; however, the material needed to cover the anode on its side has to be one that does not interact chemically with the anode and one that will allow the anode to freely expand its volume. We thought that leaving the anode surrounded by vacuum was the best choice. We actually performed a few attempts adding short flexible oligomers and we did not observe major changes with respect to the vacuum during the charge of the battery. The selection of the material to cover the anode is by itself a challenging research to discover a material flexible enough and chemically inert to the lithiated anode. We will address this challenge later on.
In summary, we have used modeling conditions that are extreme; however, no major or strong effects are caused by them, allowing even to show plating followed by dendrites formation. Without using such an extreme conditions, the simulation of the charge of batteries by molecular dynamics methods would be impossible as it will require simulation times of milliseconds. Results are always complementary to future experiments to develop new materials and will serve us to help in such design. It is of paramount importance to study the battery in its first charge, i.e., without the SEI and using lower applied fields will simply make the analysis impossible due to the large simulation times required if we use realistic fields.
